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a b s t r a c t
The molecular epidemiology of small ruminant lentiviruses (SRLVs) is constantly changing due to animal
movements, cross species transmission and because of their rapid evolutionary rate. This study reports a
comprehensive genetic and phylogenetic analysis based on consensus gag and pol sequences covering
3 kb of the SRLV genome from small ruminants in Québec, Canada. A group of strains obtained from
goats originating from different ﬂocks, segregated in a unique clade distinct from currently known SRLV
groups. Genetic dissection of the gag gene from these strains revealed that it originated as a result of a
recombination event between parental strains currently circulating in small ruminants of the country.
Following HIV nomenclature, we propose to call this group of strains, circulating recombinant form
1 SRLV, or CRF01_AB SRLV. In addition, the study conﬁrms the existence of genetically distinct and
homogeneous populations of SRLVs infecting sheep and goats housed in single species ﬂocks.
Crown Copyright & 2014 Published by Elsevier Inc. All rights reserved.
Introduction
In 1933, 20 Karakul sheep were imported to Iceland from
Germany. In the decades that followed, two diseases spread like
wild ﬁre in the local sheep population, maedi (dyspnea) and visna
(wasting), which were responsible for the deaths of over 100,000
Icelandic sheep (Haase, 1986). Seminal work by the physician Björn
Sigurdsson not only demonstrated that the diseases were due to a
transmissible agent but also introduced the concept of “slow virus
infection” and showed that both diseases had an incubation period of
more than 2 years followed by a clinical course ranging from
6 months to several years (Sigurdsson et al., 1957; Sigurdsson and
Palsson, 1958). Almost a century later, it has become clear that both
diseases were caused by the same or closely related lentivirus, now
called maedi-visna virus or simply MVV. MVV is a contemporary
member of the small ruminant lentiviruses, or SRLVs, a group that
also includes caprine arthritis encephalitis virus (CAEV). CAEV was
ﬁrst recognized in the United States by Cork and colleagues (Cork
et al., 1974). Since their original descriptions, SRLVs have been found
in most sheep and goat producing countries around the globe.
CAEV infection in goats generally leads to painful enlargement
of the carpal joints (arthritis) and mastitis in adult animals, and
less frequently to encephalitis in young kids (Cork et al., 1974). The
symptoms of MVV infection in sheep generally include interstitial
pneumonia (dyspnea), chronic weight loss and mastitis (Narayan
and Clements, 1989). The loss in productivity due to SRLV infec-
tions is signiﬁcant and is partly due to premature culling of
affected animals and the consequent increase in replacement rates
(Anderson et al., 1985; Peterhans et al., 2004). Transmission of
SRLV occurs mainly by ingestion of infected milk and colostrum by
the newborn and through inhalation of infected respiratory drop-
lets following close contacts with infected animals (de Boer et al.,
1979; Greenwood et al., 1995; Peterhans et al., 2004; Rowe and
East, 1997).
Originally, MVV and CAEV were viewed as two distinct viral
species restricted to sheep and goats respectively. Following phylo-
genetic reconstruction using a limited number of strains, SRLVs
formed two main groups segregating according to the species they
were isolated from. However, around the turn of the last century, a
small number of reports suggested that SRLVs were able to spill over
between sheep and goats. This suggestion was based on the obs-
ervation of phylogenetic trees showing ovine and caprine SRLV
sequences intermingled on the branches of the family tree, hinting
that interspecies transmissions had occured on more than one
occasion during the evolutionary history of these viruses (Leroux
et al., 1997; Minardi da Cruz et al., 2013; Shah et al., 2004a; Zanoni
et al., 1992). Since then, ample molecular-epidemiological evidence
has convincingly shown that SRLVs can transmit naturally between
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sheep and goats under favorable natural conditions, in addition to
being experimentally transmissible (Banks et al., 1983; Cardinaux
et al., 2012; Fras et al., 2013; Gjerset et al., 2007; Glaria et al., 2009;
Karr et al., 1996; Pisoni et al., 2005; Shah et al., 2004b).
Classiﬁcation based on long (41 kb) gag and/or pol consensus
nucleotide sequences places contemporary SRLVs in 5 main sequence
clusters, groups A to E, which differ by 25–37% in nucleotide com-
position (Shah et al., 2004a). Consistent with HIV classiﬁcation
(Peeters et al., 2000), groups A, B and E can be further subdivided
into a number of subtypes differing by 15–24% in nucleotide comp-
osition (Reina et al., 2009; Shah et al., 2004a). To date, group A
contains 15 subtypes (A1–A15) and the less heterogeneous group B
contains only 3 subtypes (B1–B3) (Bertolotti et al., 2011; Giammarioli
et al., 2011; Grego et al., 2007; Kuhar et al., 2013; Olech et al., 2012;
Pisoni et al., 2010; Shah et al., 2004a). Group C strains, originally
detected in Norwegian goats, as well as group D and E strains, are
characterized by their extensive genetic divergence from other SRLV
groups and their limited geographical range (Gjerset et al., 2006;
Grego et al., 2007; Shah et al., 2004a). Based on the most recent
molecular epidemiological data, SRLVs from groups B–D and most of
the group A subtypes (A1–A6, A9, A11–A13) can infect both sheep
and goats (Ramirez et al., 2013) and references therein. The other
SRLV groups and subtypes have so far only been described either in
sheep (A15), or goats (A7, A8, A10, A14, E1 and E2) (Ramirez et al.,
2013) and references therein. However, as more studies investigate
the genetic structure of lentivirus populations in small ruminants in
different countries, this picture is likely to change.
Lentiviruses, like most RNA viruses, exhibit an extraordinary
degree of genetic diversity due to high mutation and replication
rates. The genetic diversity of lentiviruses is driven by a low ﬁdelity
reverse transcriptase and their propensity to recombine via strand
transfer (Hu and Temin, 1990). Co-circulation of, and co-infection
with more than one lentivirus type, offers an opportunity for viral
recombination. A striking example is shown by the HIV epidemic
where recombination between circulating HIV types and subtypes
have led to an extensive diversity of strains (Thomson and Najera,
2005). Recombination is an important feature of the HIV-1 pandemic
with a total of 58 distinct HIV-1 circulating recombinant forms (CRFs)
identiﬁed in the Los Alamos database as of September 2014 (http://
www.hiv.lanl.gov/). Regarding SRLVs however, only a handful of
reports of mixed infections and recombination under both experi-
mental and natural conditions have been published so far (Fras et al.,
2013; Jolly and Narayan, 1989; Pisoni et al., 2010; Pisoni et al., 2007a;
Pisoni et al., 2007b; Ramirez et al., 2011; Ramirez et al., 2012).
We have previously reported on SRLV genetic structure in a limited
number of single species small ruminant ﬂocks in the province of
Quebec, Canada based on a relatively short gag segment (L'Homme
et al., 2011). Herein, we aimed at extending the original study to more
ﬂocks and animals using more thorough and comprehensive genetic
and phylogenetic analyses of SRLVs based on consensus long gag and
pol sequences.
Materials and methods
Animals, blood collection and serological testing
A total of 204 goats and 214 sheep originating from 8 and 9 ﬂocks
respectively from different geographical regions of Québec, Canada,
were included in the present study between 2010 and 2011. All
ﬂocks investigated housed a single species. Blood samples (10 mL)
were drawn by jugular venipuncture and collected into EDTA tubes
for DNA isolation and serum tubes for serological testing. Serum
samples of all animals (n¼418) were tested for the presence of SRLV
antibodies using a recombinant double antigen (gag and env) ind-
irect ELISA (Power et al., 1995).
DNA extraction
White blood cells (WBC) were isolated from whole blood of all
animals (n¼418) by centrifugation at 600g for 5 min at 4 1C. The
erythrocyte contaminated buffy coat was collected with a sterile
pipette and placed into a 15 mL sterile tube. The equivalent of 5
volumes of erythrocyte lysis buffer (10 mM KHCO3, 460 mM KHCO3
and 1 mM EDTA) was added to the buffy coat and incubated at room
temperature for 5–15 min until the solution cleared (indicative of
erythrocyte lysis). The samples were centrifuged at 1000g for 5 min
at room temperature and the supernatant was discarded. The WBC
pellet was resuspended in 0.5 mL of sterile PBS. DNA was extracted
from WBC using the QIAamp DNA blood kit (Qiagen, Mississauga,
ON) following the manufacturer's instructions and stored at 20 1C
until needed.
PCR ampliﬁcations and sequencing
The quality of the DNA was veriﬁed for the 418 samples using a
PCR targeting the β-globin gene of small ruminants (primer β-globin
CH-F – TGGTCAGAGGAAGTCAGCAGCCTT and β-globin CH-R – AAGT-
CAGTGCCAGGAAGACCAAGT) which generates a 400 bp amplicon as
previously described (L'Homme et al., 2011). Amplicons were visua-
lized using a Qiaxcel capillary electrophoresis instrument (Qiagen).
All primers used for the 1.2 kb gag segment, the 1.8 kb gag-pol and
the 1.2 kb pol segments were as described previously and are listed in
Table 1 and their relative position on the SRLV genome is shown in
Fig. 1 (L'Homme et al., 2011; Shah et al., 2004a). Primers amplifying
90% of the gag gene of the SRLV proviral genome (1.2 kb gag segment
– approximately 1200 nucleotides corresponding to the approximate
nucleotide position 600–1800 region of prototype CAEV-CO-
M33677) as previously designed by our group were used on the
418 samples of this study (L'Homme et al., 2011). These nested
ampliﬁcation strategies used 6 species-speciﬁc primers: 2 forward
primers and 2 reverse primers in the ﬁrst round and 1 forward and
reverse nested primers in the second round (MVV-type primers for
sheep SRLV sequences and CAEV-type primers for goat SRLV
sequences as shown in Table 1). Similar strategies were employed
for the 1.8 kb gag/pol and 1.2 kb pol PCR protocols (Shah et al.,
2004a). However, in the case of the two latter PCRs, only DNA
samples from seropositive animals were tested (Table 2). The
conditions for the three PCR were identical and as follows: between
0.3–0.5 mg total DNA/reaction, 1 PCR buffer (Invitrogen, Missis-
sauga, ON), 200 mM of each dATP, dCTP, dGTP and dTTP (Invitrogen),
250 nM of each primer, 3 mM MgCl2, and 1 U Platinum Taq DNA
polymerase (Invitrogen). Final reaction volume was 50 ml. Activation
of Platinum Taq and initial denaturation was done at 94 1C for 2 min
followed by 35 cycles at 94 1C for 1 min, 55 1C for 1 min and 72 1C for
2 min. Nested ampliﬁcations were carried out under the same
conditions as the ﬁrst PCR using 1 ml from the ﬁrst round PCR.
Amplicons were visualized using a Qiaxcel capillary electrophoresis
system (Qiagen). PCR products were puriﬁed on PCR cleanup
columns (Qiagen) and cloned using the pGEM-T easy cloning vector
(Promega). A single clone was selected and sequenced in both
directions using the nested primers. Sequencing reactions were
performed using a Big Dye v3.1 chemistry from Applied Biosystems
on a 3730xl sequencer (Applied Biosystems).
Nucleotide editing, alignment and phylogenetic analyses
Nucleotide sequences were analyzed, edited and assembled
using the Geneious software (http://www.geneious.com/). Multi-
ple alignments of Québec and reference SRLV sequences were per-
formed with a ClustalW built in MEGA6 (Tamura et al., 2013). Pair-
wise genetic distances were calculated with the p-distance model
applying default settings with the exception that all missing or
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ambiguous sites were ignored to allow grouping and subtyping of
SRLVs from Québec, using prototype SRLV sequences from groups
A–C and E and their subtypes. Descriptive statistics for the intra-
ﬂock pairwise genetic distances were calculated based on the
1.2 kb gag/pol segment only. Phylogenetic and molecular evolu-
tionary analyses were conducted using the NJ method and the
Tamura–Nei model with gamma substitution in MEGA6 (Tamura
et al., 2013) (Tamura and Nei, 1993) and all gaps and missing data
ignored. The statistical conﬁdence of the topologies was assessed
using 1000 bootstrap replicates. Clades within the Canadian SRLV
groups presented in Fig. 2(B) and (C) are based on nucleotide
similarity values.
Recombination analyses
Analysis of recombination was performed in two consecutive
steps. First, sequences were aligned with CLustalW in MEGA6 and
inspected by eye to detect obvious alignment errors. The generated
alignment was then analyzed for recombination signals using the
RDP software version 4.33 (Martin et al., 2010). The strength of the
RDP software is that it simultaneously uses a range of methods for
recombination detection and characterization without the need for
user deﬁned parental reference sequences. The methods included in
the RDP analysis software, which were used in this study, consist of
the original RDP, GENECONV, MAXCHI, CHIMERA, SISCAN and 3SEQ;
all methods were used with default parameters. Second, sequences
showing signs of recombinationwith all methods were selected for a
second round of analysis as described below. All sequences originat-
ing from clades where recombinant and parental sequences were
detected using RDP, realigned and consensus sequences generated.
These consensus sequences were then analyzed using the Simplot
software v3.5.1 using a window size of 200, a step size of 20, 1000
replicates, gap striping and the Kimura 2 distance model with the
NJ tree model (http://sray.med.som.jhmi.edu/SCRoftware/simplot/)
(Lole et al., 1999). To conﬁrm the recombination analyses results, the
sequences were split at the intragenic recombinantion site, and
independent phylogenetic trees were reconstructed with each sub-
sequence using MEGA6 and the same settings as described in the
previous section.
Results
PCR ampliﬁcations
Quality control
All DNA samples (n¼418) allowed ampliﬁcation of the small
ruminant β-globin gene as revealed by the visualization of an amp-
licon of the expected molecular weight (400 nucleotides), indicating
that the DNAwas of sufﬁcient quality and free of PCR inhibitors (not
shown).
1.2 kb gag segment
The MVV 1.2 kb gag PCR generated amplicons of the expected
molecular weight, corresponding to 90% of the proviral gag gene, in
42/53 seropositive sheep (Table 2). In addition, 2 proviral sequences
(7-4 and 20-15) were ampliﬁed from the 161 seronegative sheep.
The CAEV 1.2 kb gag PCR ampliﬁed a total of 95 proviral sequences
from 121 seropositive goat samples as determined by the presence
of a single amplicon of the expected molecular weight (Table 2). In
addition, a total of 3 proviral sequences (4-26, 4-41, 8-14) were amp-
liﬁed from 83 seronegative goats.
PR
MA NCCA
gag pol
INDURT
1.2 kb gag
1.8 kb gag-pol
1.2 kb pol
overlap
Fig. 1. Representation of primer locations (arrows) and ampliﬁed sequences (gray
boxes) in the gag and pol regions of SRLVs. MA, matrix; CA, capsid; NC,
nucleocapsid; PR, protease; RT, reverse transcriptase; DU, dUTPase; IN,integrase.
Table 1
Primers used in this study for SRLV sequence ampliﬁcation.
Primer name Sequence Locationa PCR Reference Amplicon name and approximate size
MVVF0 AAGTAAGGTAAGAGAGACACCTACTGG 539–566 First round (L'Homme et al., 2011)
MVVF1 TAGATAGAGACATGGCGAAGCAAGCTC 722–749 First round (L'Homme et al., 2011)
MVVR0 GGTGGTGCTTCTGTTACAACATAGG 2059–2083 First round (L'Homme et al., 2011)
MVVR1 GGACGGCACCACACGTGG 2035–2052 First round (L'Homme et al., 2011)
MVVF2 GACAGAAGGGAACTGTCTATGGGC 834–857 Nested (L'Homme et al., 2011) 1.2 kb gag
MVVR2 CCCCTCCTGYTGTTTCCCTG 2014–2034 Nested (L'Homme et al., 2011)
CAEVF0 AACTGAAACTTCGGGGACGCCTG 305–327 First round (L'Homme et al., 2011)
CAEVF1 AAGGTAAGTGACTCTGCTGTACGC 334–357 First round (L'Homme et al., 2011)
CAEVR0 GTTATCTCGTCCTAATACTTCTACTGG 2092–2118 First round (L'Homme et al., 2011)
CAEVR1 TTTTTCTCCTTCTACTATTCCYCC 2000–2024 First round (L'Homme et al., 2011)
CAEVF2 TGGTGAGTCTAGATAGAGACATGG 513–536 Nested (L'Homme et al., 2011) 1.2 kb gag
CAEVR2 GGACGGCACCACACGTAKCCC 1820–1840 Nested (L'Homme et al., 2011)
P39 GCAATGCAGCATGGMCTTGTGT 1019–1140 First round (Shah et al., 2004a)
P37 GATTGCCTCCAWACTAACTCTCCTACTAA 2938–2966 First round (Shah et al., 2004a)
P38 CCWATTAAGGATTGCCTCCAWACTA 2951–2975 First round (Shah et al., 2004a)
P21 GCCATGATGCCTGGAAATAGAG 1112–1133 Nested (Shah et al., 2004a) 1.8 kb gag-pol
P27 TTCTCCGGGTGTAGTTCAAATC 2846–2867 Nested (Shah et al., 2004a)
P28 CATGAAGAGGGGACAAATCAGCA 3535–3557 First round (Shah et al., 2004a)
P34 TACATTGGGTGCCTGGACATAA 3734–3755 First round (Shah et al., 2004a)
P32 TACCTGDGTTGGTCCYWGCCACT 4909–4932 First round (Shah et al., 2004a)
P33 CTTCCCAVAGTACCTGDGTTGGTC 4918–4941 First round (Shah et al., 2004a)
P29 GGTGCCTGGACATAAAGGGATTC 3741–3763 Nested (Shah et al., 2004a) 1.2 kb pol
P35 GCCACTCTCCTGRATGTCCTCT 4894–4915 Nested (Shah et al., 2004a)
a Location number according to MVV US 85/34 isolate [AY101611] for MVV primers and CAEV-Cork isolate [M33677] for CAEV and P-type primers.
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1.8 kb gag-pol segment
In their seminal paper, Shah and colleagues designed a PCR
targeting a long SRLV genomic segment of approximately 1.8 kb enc-
ompassing portions of the gag and pol genes, which corresponds to
nucleotide 1133 to nucleotide 2846 of the CAEV-CO genome (Fig. 1)
(Shah et al., 2004a). We decided to use this PCR for two reasons, the
main reason being that since 21% of seropositive sheep and goat DNA
samples did not generate the expected amplicon using the 1.2 kb gag
PCR, we reasoned that a possible cause for ampliﬁcation failure might
be primer/target mismatches due to the existence of divergent len-
tiviral strains. Therefore, using this alternate and broad range PCR on
DNA samples from these animals might allow ampliﬁcation and
molecular characterization of such strains. Second, since this region is
used as a reference for the classiﬁcation of SRLV groups and their
subtypes, a subset of strains from each ﬂock could be used to conﬁrm
their phylogenetic grouping inferred from the analysis of the 1.2 kb
gag segment. We therefore attempted PCR ampliﬁcation of SRLV
sequences using this assay on all seropositive sheep (n¼53) and goat
DNA samples (n¼121). Only 8/53 seropositive sheep, including one
seropositive/1.2 kb gag PCR negative sample (20-9), produced an
amplicon of the expected molecular weight (Table 2). Amplicons of
the expected molecular weight were observed in 45/121 DNA sam-
ples from goats, including 7 samples which were negative using the
1.2 kb gag PCR (3-10, 3-17, 4-3, 5-3, 8-30, 11-11 and 13-20) (Table 2).
Group B
Group A
Group E
CRF01_AB SRLV
Fig. 2. Phylogenetic trees constructed using the neighbor-joining (NJ) method showing the clustering of SRLV strains based on nucleotide sequence alignments (617
nucleotides) within the 1.2 kb gag segment following 1000 bootstrap repetitions. Values Z80% are indicated on the nodes. Reference SRLVs from group A, group B and group
E are represented by red squares. Scale bar represents substitutions/site. (A) Phylogenetic analysis of partial segment from the gag gene from 105 SRLV strains detected in
Québec sheep and goats.The tree was rooted to group E strains. Blue circles represent sheep SRLV strains from this study and green triangles represent goat SRLV strains from
this study. (B) Phylogenetic analysis of Québec sheep SRLV strains showing the clustering based on ﬂock of origin (each ﬂock is represented by a different colored circle);
compared to canonical group A SRLVs (red squares). Clustering of strains into 5 clades are denoted on the right hand side of the ﬁgure (C) Phylogenetic analysis of Québec
goat SRLVs showing the clustering based on ﬂock of origin (each ﬂock is represented by a different colored circle); compared to canonical group B SRLVs (red squares).
Clustering of strains into 5 clades are denoted on the right hand side of the ﬁgure.
Table 2
Number (%) of SRLV sequences ampliﬁed from seropositive and seronegative sheep and goats using 3 different PCR assays.
PCR Sheep (n¼214) Goat (n¼204)
Seropositive (n¼53) Seronegative (n¼161) Seropositive (n¼121) Seronegative (n¼83)
1.2 kb gag 42 (79%) 2 (1%) 95 (79%) 3 (4%)
1.8 kb gag/pol 8 (15%) Not tested 45 (37%) Not tested
1.2 kb pol 14 (26%) Not tested 42 (35%) Not tested
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1.2 kb pol segment
Following the same rationale as described above for the 1.8 kb
gag-pol segment, we tested the PCR designed by Shah and coll-
eagues which targets a portion of the pol region corresponding
to nucleotide 3764 to nucleotide 4893 of CAEV-CO (Fig. 1) (Shah
et al., 2004a). This PCR was also found to have a relatively poor ef-
ﬁciency in the ampliﬁcation of SRLV sequences from Québec since
only 14/53 seropositive sheep and 42/121 seropositive goats gen-
erated the expected amplicon (Table 2), including 7 samples which
were PCR negative for both the 1.2 kb gag and the 1.8 kb gag/pol
assays (3-21, 4-40, 7-31, 8-20, 11-18, 16-24 and 21M-3).
Phylogenetic and pairwise genetic distance analyses of SRLV
sequences
1.2 kb gag segment
A total of 44 SRLV amplicons from Québec sheep (42 seropositive
and 2 seronegative, Table 2) were sequenced. However, due to the high
number of positive samples in each goat ﬂock (95 in total) between
4 and 9 amplicons (representing approximately half of the amplicons
present in each ﬂock) were randomly selected for sequencing and
included in the phylogenetic analysis (n¼47). SRLV sequences from
Québec were phylogenetically compared with reference SRLV strains
from sequence groups A and B and rooted to group E (Reina et al.,
2006; Santry et al., 2013; Shah et al., 2004a). Since most reference
SRLV strains have been genetically characterized using the 1.8 kb
gag-pol segment, which partially overlaps with the 1.2 kb gag segment
(see Fig. 1), the phylogenetic analysis is based on the alignment of a
total of only 617 nucleotides. The analysis revealed that most caprine
lentiviruses from Québec segregated with group B strains whereas
ovine lentiviruses segregated with group A strains (Fig. 2A), which is
consistent with a previous report (L'Homme et al., 2011). Interestingly
however, a group of 10 goat lentiviruses from Québec clustered with a
unique lentiviral strain recently detected in a goat from Ontario,
Canada (KC241933) forming a distinct clade, which appeared equidi-
stant from both the A and B groups (CRF01_AB SRLV, Fig. 2A).
Ovine lentiviruses from the same ﬂock tended to cluster together,
suggesting within ﬂock dispersion and microevolution of SRLVs, and
could be segregated into ﬁve distinct clades (A–E) (Fig. 2B). However,
inter-ﬂock transmission of SRLV was suggested by the observation of
genetically related strains in distinct ﬂocks, notably strains from
ﬂocks 7 and 20 (clade A), strains from ﬂocks 6 and 21 (clade B) and
strains from ﬂocks 2, 7 and 19 (clade E) (Fig. 2B). Caprine lentiviruses
could also be segregated into ﬁve different clades (F–J) (Fig. 2C).
Apart from the SRLV strains detected in ﬂocks 4 (clade G) and 16
(clade I), most caprine lentiviruses did not cluster according to their
ﬂock of origin suggesting multiple sources of infection and inter-ﬂock
transmission events (Fig. 2C).
Consistent with the phylogenetic grouping described above, the
majority of Québec caprine lentiviruses were genetically most similar
to prototype CAEV-CO B1-subtype strain from the US (M33677) (mean
nucleotide identity of 91.9%). Québec ovine lentiviruses were
Clade A
Clade B
Clade D
Clade E
Clade C
Clade F
Clade I
Clade H
Clade G
Clade J
(CRF01_AB)
Fig. 2. (continued)
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genetically most similar (mean nucleotide identity of 88.2%) to the
canonical A2-subtype sequence from the US (AY101611). The group of
10 (CRF01_AB SRLV) lentiviruses belonging to clade J (Fig. 2C) were
more distantly related to CAEV-CO (mean nucleotide identity of 87.7%)
and more closely related to a goat strain from Ontario (KC241933)
(mean nucleotide identity of 91.3%).
Intra-ﬂock comparison of the nucleotide sequence divergence
in the gag gene of Québec ovine SRLV showed an overall pairwise
mean distance of 4.5%, ranging from 2% in ﬂock 18 to 5.8% in ﬂock
2 (Table 3). Caprine SRLV gag sequences revealed a greater overall
within ﬂock mean pairwise distance of 9.5%, ranging from 6.6% in
ﬂock 4 to 11.9% in ﬂock 11 (Table 3).
1.8 kb gag-pol segment
Since the main objective for using this PCR assay was to
determine if variant strains were circulating among small rumi-
nants of Québec, which could potentially explain the existence of
seropositive/1.2 kb gag PCR negative animals, we sequenced all
amplicons from these animals (1 sheep and 7 goats). In addition,
approximately half of the amplicons obtained from each ﬂock
were sequenced to generate a more robust phylogenetic analysis
of Québec small ruminant SRLVs. A total of 28 sequences from
Québec sheep and goats, corresponding to the 1.8 kb gag-pol
genome segment, were analyzed. These gag-pol sequences were
compared with reference strains from sequence groups A–C and E
(Reina et al., 2006; Shah et al., 2004a). Consistent with the
phylogenetic clustering obtained using the 1.2 kb gag segment,
phylogenetic analysis based on the alignment of 1731 nucleotide-
long gag-pol sequences clustered the majority of caprine SRLVs
from Québec with subtype B1, while a group of 4 strains formed a
unique clade distinct from known SRLV subtypes (CRF01_AB SRLV
in Fig. 3); all SRLV strains obtained from Québec sheep clustered
with subtype A2 prototypical strain (Fig. 3).
Pairwise genetic distances were calculated to conﬁrm group-
ing/subtyping of Québec SRLV based on the alignment of the 1.8 kb
gag/pol segment with reference strains from groups A–C and E.
Consistent with the phylogenetic analysis described above, goat
SRLV strains from Québec were segregated into two clades. The
main clade was closest to the B1 prototype CAEV-CO (mean nuc-
leotide identity of 90.1 %), mean pairwise distances to the B2 and
B3 subtypes were 415.5%. The group of 4 CRF01_AB SRLV strains
(8-14, 11-4, 11-12 and 11-19 ) were more distantly related to CAEV-
CO (mean nucleotide divergence of 13.3%). The genetic relatedness
of the 4 CRF01_AB SRLV strains with canonical strains from the
different SRLV subtypes is shown in Table 4. In line with the phy-
logenetic analyses, SRLV strains from Québec sheep were closest to
the A2 subtype reference strain from the US (AY101611) with a
mean pairwise nucleotide identity of 87.4 %. Mean pairwise nucl-
eotide identities to the other group A subtypes were 413.5%.
1.2 kb pol segment
Following the same rationale as described above for the 1.8 kb
gag/pol segment, in addition to all samples where no 1.2 kb gag
sequence or 1.8 kb gag/pol sequences were available (3-21, 4-40,
7-31, 8-20, 11-18, 16-24 and 21M-3), one to two amplicons from
each ﬂock were sequenced. The single CRF01_AB SRLV strain for
which a 1.2 kb pol amplicon was obtained (3-27), was also seq-
uenced. A total of 20 SRLV 1.2 kb pol sequences were obtained
from Québec small ruminants and compared with reference SRLV
strains from sequence groups A–C (Shah et al., 2004a). Phyloge-
netic analysis based on the alignment of 1127 nucleotide-long pol
sequences conﬁrmed the clustering of most caprine lentiviruses
from Québec with subtype B1 and all ovine SRLVs from Québec
with subtype A2 (Fig. 4).
Mean pairwise genetic distance between Québec sheep lenti-
viruses and prototypical A2-type strain from the US (AY101611)
was 10.2%. Mean pairwise genetic distances of Québec sheep len-
tiviruses to other prototypical A-subtype SRLVs (A1, A3-A7) were
414.1%. Mean pairwise genetic distance between the main group
of Québec goat lentiviruses and prototypical CAEV-CO B1-type
strain from the US was 10.3%. The genetic distance between strain
3-27 (CRF01_AB SRLV) and CAEV-CO was 11.6%. Mean pairwise
genetic distances of Québec goat lentiviruses to B2 and B3 sub-
types SRLVs were 416.2%.
Sequence comparisons between the 1.2 kb gag and 1.8 kb gag-pol
segments
Two distinct sequences overlapping by 733 nucleotides in the gag
region were obtained for a total of 22 animals; the ﬁrst sequence
corresponding to the 1.2 kb gag segment and the second sequence
corresponding to the 1.8 kb gag-pol segment (Fig. 1). Alignments of
both sequences obtained from each animal, generally revealed high
nucleotide sequence identity values (96.1–99.6%) consistent with the
quasi-species dynamics which is typical of SRLV infections (Fras
et al., 2013; Pisoni et al., 2007a). However, alignment of the two
sequences from animal 3-28, 11-15 and 11-19 revealed marked seq-
uence heterogeneity (22%, 19% and 18% nucleotide difference resp-
ectively), which is higher than can be accounted for by quasi-species
dynamics. In line with this result, the two sequences from each
animal clustered differently in phylogenetic trees depending on the
segment analyzed (Figs. 2A and 3). These results strongly suggest
that animals 3-28, 11-15 and 11-19 were co-infected with two
distinct SRLV strains circulating in their respective ﬂocks.
Recombination analysis
A number of recombination analyses were performed on all the
1.2 kb gag SRLV sequences from Québec using the RDP software. Int-
Table 3
Intra-ﬂock pairwise genetic distances of Québec SRLVs based on the analysis of the 1.2 kb gag segment.
Sheep Goats
Flock id Nb animals Intra-ﬂock pairwise genetic distances Flock id Nb animals Intra-ﬂock pairwise genetic distances
Minimum Maximum Average Minimum Maximum Average
2 9 0.004 0.101 0.058 3 7 0.031 0.152 0.117
7 13 0.012 0.156 0.054 4 7 0.009 0.100 0.066
18 3 0.016 0.023 0.020 5 5 0.083 0.111 0.101
20 12 0.010 0.096 0.039 8 8 0.033 0.135 0.092
21 5 0.007 0.148 0.055 11 8 0.038 0.169 0.119
13 9 0.021 0.143 0.094
16 4 0.044 0.135 0.079
Average 0.010 0.098 0.045 Average 0.037 0.135 0.095
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erestingly, similar recombination signals were detected with all
methods included in the RDP package for all the CRF01_AB SRLV seq-
uences. According to the RDP analysis, CRF01_AB SRLV sequences
(clade J in Fig. 2C) were derived from a recombination event between a
clade E sequence and a clade I sequence (not shown). To precisely map
the breakpoints of this recombination event, consensus sequences
from clade E, clade I and clade J were generated and analyzed by
Bootscanning using the Simplot software. Breakpoints were both
located within the capsid (CA) of the gag gene (Fig. 5). Consistent with
the recombination analyses, upon inspection of the phylogenetic tree
shown in Fig. 2A, the goat SRLVs belonging to clade CRF01_AB
SRLV appeared related to strains from both A and B group strains
since they were equidistant from both groups. This clustering pattern
supports the view that these strains are mosaic sequences derived
from a recombination event between parental strains of group A and
group B.
Neighbor joining phylogenetic analyses were performed using
two sub-segments from the 1.2 kb gag segment (represented by the
MA –matrix- and CA – capsid-regions at the bottom of Fig. 5) of con-
sensus sequences from the different clades in addition to canonical
sequences from subtypes A1, A2, B1 and B2. Analysis of the dend-
ograms shown in Fig. 6 supports the RDP and Simplot recombination
analyses since the clade J consensus sequence clustered closely with
B1-subtype strains in the MA region (Fig. 6a) but more closely with
clade E of subtype A2 in the CA region (Fig. 6b).
Taken together, these results strongly suggest that a recombina-
tion event occurred within the gag gene between a B1-subtype
parental strain and an A2-subtype parental strain which gave rise to
a circulating recombinant form (CRF01_AB SRLV), or mosaic strain,
now present in Canadian goats.
Amino acid sequences in the immunodominant regions
Since a number of seronegative sheep and goats were infec-
ted with SRLV, as suggested by the ampliﬁcation of lentiviral
sequences from these animals, we decided to investigate if critical
mutations in the immunodominant regions of the gag gene could
explain this result. We also included CRF01_AB SRLV strains to
analyse sequence conservation of their deduced amino acid seq-
uences in the same genomic region. For clarity, consensus sequ-
ences were deduced from the CRF01_AB SRLV strains that bel-
onged to the same ﬂocks. Three immunodominant epitopes are
present in the 1.2 kb gag segment analyzed (Lacerenza et al., 2008;
Rosati et al., 1999). The immunodominant epitope situated at the
carboxyl terminus of the capsid protein (Fig. 7, epitope 3) was the
CRF01_AB SRLV
C
A2
E
B1
B2
B3
A1
A3
A7
A4
A5
Fig. 3. Phylogenetic tree inferred using the neighbor-joining (NJ) method showing the clustering of SRLV strains based on the 1.8 kb gag-pol segment (1731 nt) sequence
alignments following 1000 bootstrap repetitions. Values Z80 % are indicated on the nodes. Québec SRLV strains from sheep (blue circles) and goats (green triangles) were
phylogenetically compared to reference SRLV strains from group A, group B, group C and group E (red squares). The tree was rooted to a group E2 strain. Scale bar represents
substitutions/site.
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most conserved with nearly 100% amino-acid conservation among
North American SRLVs from both sheep and goats. In contrast,
immunodominant epitopes 1 and 2 were not as highly conserved
and demonstrated sheep and goat speciﬁc variability (Fig. 7). The
deduced immunodominant epitopes 1, 2 and 3 from seronegative
animals did not contain any signiﬁcant differences in amino acid
composition compared to the cognate regions from seropositive
animals (Fig. 7).
As expected from the recombination analyses described above,
the deduced amino acid sequences from CRF01_AB SRLV strains
were highly similar to sequences from sheep strains of the A2
subtype between the putative recombination sites (fat black
arrows) and identical to the A2 type in the carboxyl region of
epitope 2 (Fig. 7, blue). Consistent with this observation, in the
carboxy terminal region of the matrix gene located upstream of
the ﬁrst recombination site and in the amino terminal region of
the nucleocapsid region located downstream of the second
recombination breakpoint, the deduced amino-acids of CRF01_AB
SRLV strains are more similar to B1 goat strains (green)
and diverge from A2 strains (blue) (Fig. 7). Together, the data
support the recombination analyses which suggest that a recom-
bination event occurred in the gag gene between a B1-subtype and
Table 4
Pairwise genetic distances between CRF01_AB SRLV strains and prototypical SRLVs based on the 1.8 kb gag-pol segment.
SRLV reference strains
Goat # NC_001452
(A1)
AY454186
(A2)
AY454186
(A3)
AY445885
(A4)
AY454175
(A5)
AY454208
(A7)
M33677
(B1)
FJ195346
(B2)
JF502416
(B3)
AF322109
(C)
GQ381130
(E2)
8-14 0.228 0.206 0.230 0.235 0.222 0.233 0.132 0.169 0.239 0.249 0.298
11-4 0.225 0.198 0.218 0.227 0.219 0.220 0.131 0.164 0.225 0.239 0.294
11-12 0.225 0.197 0.217 0.228 0.218 0.221 0.133 0.166 0.224 0.239 0.294
11-19 0.222 0.197 0.222 0.224 0.219 0.223 0.136 0.165 0.228 0.244 0.287
Average 0.225 0.200 0.222 0.229 0.220 0.224 0.133 0.166 0.229 0.243 0.293
A2
B1
Group C
A3
A5
A4
A7 B2
A1
Fig. 4. Phylogenetic tree inferred using the neighbor-joining (NJ) method showing the clustering of SRLV strains based on the 1.2 kb pol segment (1127 nt) sequence alignments
following 1000 bootstrap repetitions. Values Z80 % are indicated on the nodes. Québec SRLV strains from sheep (blue circles) and goats (green triangles) were phylogenetically
compared to reference strains from group A, group B and group C (red squares). The tree was rooted to a group C strain. Scale bar represents substitutions/site.
Y. L’Homme et al. / Virology 475 (2015) 159–171166
an A2-subtype parental strain, giving rise to the circulating
recombinant forms (CRF01_AB SRLV).
Discussion
In this study, we report for the ﬁrst time in Canada, detailed
genetic and phylogenetic analyses of SRLV population structure,
using 3 kb of DNA sequences from gag and pol genomic regions.
SRLV sequences originated from naturally infected sheep and goats
in single species ﬂocks situated in different geographic regions of
Québec, Canada. Previous phylogenetic analyses of SRLV sequences
in this country realized by our group and others were based on a
relatively short and partial sequence of the gag gene (L'Homme
et al., 2011; Santry et al., 2013). Since grouping and subtyping of
SRLVs are generally based on a 1.8 kb segment encompassing the
gag-pol region or less commonly on a 1.2 kb segment situated at the
30 end of the pol gene (Shah et al., 2004a), we successfully ampliﬁed
these regions from a number of strains originating from most ﬂocks
to obtain, for the ﬁrst time in this country, a robust classiﬁcation of
SRLVs. Results from these analyses strongly conﬁrm earlier ﬁndings,
which revealed a relatively homogeneous population structure of
SRLVs in single species ﬂocks where sheep were found to be
infected exclusively with strains belonging to the A2 subtype
whereas B1 subtype strains infected the majority of goats. Hence,
the phylogenetic analyses suggest that a short region situated in the
30 region of the gag gene is a good proxy for SRLV grouping and
subtyping, at least for A2 and B1-type strains.
Based on phylogenetic and pairwise identity analyses of a
partial gag segment, Santry and colleagues have recently sug-
gested that a strain (KC241933) obtained from a single Ontario
goat formed a new B subtype, which they called B4 (Santry et al.,
2013). A total of 10 strains obtained from goats in this study
clustered closely with strain KC241933, forming a unique and phy-
logenetically distinct clade. However, evidence from detailed
genetic analysis of these strains does not support the creation of
a novel B subtype, as suggested by Santry and colleagues, but
rather strongly suggest that these strains are in fact recombinants
which we propose to name CRF01_AB SRLV, following HIV nom-
enclature. The ﬁrst piece of evidence supporting this contention
comes from sequence comparisons of the long 1.8 kb gag-pol
segment of these CRF01_AB SRLV strains with reference strains;
the alignment revealed pairwise identity values below the 15%
nucleotide divergence threshold required for the creation of a
novel subtype as deﬁned by Shah and colleagues (Shah et al.,
2004a). The second piece of evidence comes from the analysis of
the only CRF01_AB SRLV strain (3-27) successfully characterized in
the pol gene region, which also revealed sequence divergence
values below the minimal threshold value required to create a
novel subtype (15%) (Shah et al., 2004a). Finally, the last and most
convincing piece of evidence comes from detailed recombination
analyses using a range of different methods, which clearly demon-
strate that CRF01_AB SRLV strains are the result of a recombination
event between A2 and B1 subtype ancestral strains. Co-infection
Fig. 5. Recombination analysis of SRLV CRF01_AB SRLV (clade J) sequences from Québec. Recombinant sequences were ﬁrst detected in RDP followed by Bootscan analysis of
consensus sequences in Simplot using a window size of 200, a step size of 20, 1000 replicates, gap striping and the Kimura 2 distance model with the NJ tree model.
Breakpoints on the recombinant sequences are indicated by orange vertical lines. Recombination analysis revealed that CRF01_AB SRLV sequences (chimeric red and green)
are the result of a recombination between a clade E sequence (red) and a clade I sequence (green). MA, matrix; CA, capsid; NC, nucleocapsid.
Y. L’Homme et al. / Virology 475 (2015) 159–171 167
with A and B groups SRLV, which is a prerequisite to give rise to
such recombinant strains, has been demonstrated previously in
sheep and goats in mixed ﬂocks in Canada and Europe (Fras et al.,
2013; Pisoni et al., 2007a). Of note, this is the second time only
that a recombination event is reported between SRLV strains of
groups A and B, and the ﬁrst time that recombinant strains are
circulating in several ﬂocks (Pisoni et al., 2007a). Since these
recombinants were exclusively found in goats, it seems likely that
a co-infected goat gave rise to these strains. CRFs are a hallmark of
the HIV epidemic and recombinant strains are thought to carry a
selective advantage. Whether SRLV recombinant strains exhibit
modiﬁed tropisms, transmissibility, pathogenesis or virulence war-
rants further investigations.
As suggested by Fras and colleagues, co-infection with more
than one SRLV strain may not be uncommon in small ruminants,
but rather underreported due to technical issues such as primer
selection (Fras et al., 2013). Consistent with this idea, it is int-
eresting to note that animals 3-28, 11-15 and 11-19 were co-inf-
ected with two different SRLV strains, and this was only brought
to light because different primer sets were used on the same
DNA sample. Primers most likely preferentially amplify a subset
of sequences present in a given animal, overshadowing the true
diversity of the lentiviral population in that ecosystem. Non
targeted approaches, such as next generation sequencing, might
be an interesting avenue to address this issue and investigate the
true extent of this phenomenon. On the other hand, sequencing of
long DNA segments will be necessary to investigate the occurrence
and frequency of recombination among SRLVs.
Most sheep and goat ﬂocks harbored a range of SRLVs belonging
to different clades. In fact, sheep belonging to different ﬂocks, in
some cases situated hundreds of kilometers apart, shared closely rel-
ated SRLV strains suggesting an epidemiological link between them.
The same ﬁnding applies for goats. For example, goats from ﬂocks 3,
5, 8, 11 and 13 shared closely related strains belonging to clade F
(Fig. 2C). Similarly, sheep from ﬂocks 7 and 20 also shared closely
related strains belonging to clade A (Fig. 2B). A notable exception
was found in goat ﬂocks 4 and 16 which harbored only clade G-type
and I-type strains respectively. Although we cannot rule out that
other strains might have been present in those ﬂock, the results
suggest that those two ﬂocks likely purchased few, if any, replace-
ment stock from other sources. It is common knowledge that the
purchase, introduction into a ﬂock and mixing of live animals
represent an important risk factor for pathogen introduction into a
ﬂock. It is also a common practice for owners of the sheep, but
Fig. 6. Phylogenetic tree inferred using the neighbor-joining (NJ) method showing the clustering of consensus SRLV sequences from clades A to J as deﬁned in Fig. 2(B) and
(C). (A) Dendogram based on the alignment of nt 1–449 corresponding to the MA region depicted in Fig. 5. (B) Dendogram based on the aligment of nt 450–947
corresponding to the CA region depicted in Fig. 5. Statistical support was provided by 1000 bootstrap repetitions. Values Z80 % are indicated at the nodes.
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particularly in the goat industries, to purchase and mix animals from
different sources (personal observations). This might also help exp-
lain the higher overall genetic diversity observed within goat ﬂocks
than within sheep ﬂocks.
PCR ampliﬁcation of SRLV proviral sequences has been historically
challenging and generally less sensitive than serological methods,
even when nested or real time strategies were used (Brinkhof et al.,
2010; deAndres et al., 2005; Ramirez et al., 2013; Santry et al., 2013;
Shah et al., 2004a). Genetically variable strains containing mis-
matches at the primer binding sites and/or low proviral loads in
circulating leukocytes (as low as 1/106 cells) are potential reasons for
ampliﬁcation failure. In this study, PCR efﬁciency was highly depen-
dent on the primer sets used; from nearly 80% of seropositive sheep
or goats for the primers designed by our group to r40% for primers
designed by Shah and colleagues (Shah et al., 2004a). Since the MVV
and CAEV primers used in this study (L'Homme et al., 2011) were
designed based on North American A and B groups SRLV sequences
respectively, whereas the primers designed by Shah and colleagues
were more generic, targeting a wide range of SRLVs, it seems likely
that this difference in design and target explains the lower sensitivity
of the latter. Since all samples were tested using the β-globin gene, it
is unlikely that poor quality DNA is the reason for ampliﬁcation
failure in 20% of the samples. It is interesting to point out that a total
of 6 seronegative animals were positive using the 1.2 kb gag PCR,
likely representing either recent infections or delayed or weak
immunological responses, which underpins the diagnostic value of
PCR in control programs as a complement to serological tools.
The main antigenic cross-reactions between MVV and CAEV
have been identiﬁed in the gag and env-encoded proteins
(Gogolewski et al., 1985). The major capsid protein (CA) is consid-
ered one of the immunodominant antigens in lentivirus infect-
ion (Rosati et al., 2004b), it is also the ﬁrst antigen recognized by
infected animals and remains detectable for a long period of time.
For this reason, CA has been extensively used in serological tests for
SRLV diagnosis. Rosati and colleagues have performed mapping stu-
dies revealing 3 immunodominant epitopes critical for cross reac-
tivity among SRLVs (Fig. 7, epitopes 1–3) (Rosati et al., 1999; Rosati
et al., 2004a). Our results show that SRLV strains from Québec
maintain a high degree of conservation of epitope 3 as well as in the
amino-terminal region of epitope 2. Conservation of these epitopes
is critical to maintain appropriate cross reactivity in serological tests
which are the basis of control programs. The conservation of these
epitopes among seronegative but PCR positive animals identiﬁed in
this study also indicate that these animals were most likely recently
infected and had not yet seroconverted or had immunological
responses below the detection limit.
The ﬁrst studies reporting on SRLV genetic diversity in small
ruminants in Canada revealed a simple population structure consist-
ing of 2 distinct and generally homogeneous groups of strains
infecting sheep and goats with no evidence of cross species trans-
missions (L'Homme et al., 2011; Santry et al., 2013). This was in sharp
contrast with the situation prevailing in many European countries
where SRLV population diversity is more complex and numerous
cases of cross species transmission events have now been reported
(Leroux et al., 1997; Pisoni et al., 2005; Shah et al., 2004a; Shah et al.,
2004b). The apparent absence of cross species transmission was
proposed to be most likely due to separate management practices in
Canada rather than to a low risk of transmission of these particular
Fig. 7. Alignment of the deduced amino acid sequences from the gag region of selected SRLV strains: (MA) matrix, (CA) capsid, (NC) nucleocapsid. Reference strains (in bold)
are the canonical A2-subtype 85/34 strain (AY101611) and B1-subtype CAEV-CO (M33677) from the US. Strains from seronegative animals are represented by their respective
animal number preceded by Seroneg. Amino acid sequences from CRF01_AB SRLV strains obtained from consensus sequence alignment are denoted cons preceded by the
ﬂock number. Identical residues are denoted by dots (▪) and deletions are indicated by a dash (-). The three immunodominant epitopes are boxed. Regions highlighted in
blue and green show species-speciﬁc regions. Fat black arrows illustrate the recombination breakpoints in the CRF01_AB SRLV strains.
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strains. This contention was later conﬁrmed by our group who found
multiple evidence of co infections and spill over events between
sheep and goats housed in the same farm (Fras et al., 2013). We have
now shown that as a result of co infection with A-group and B-group
strains, recombination did occur and the resulting mosaic strains are
now circulating among goats of the country. Future studies are
warranted to determine the prevalence of these CRF strains, if sim-
ilar or additional strains circulate among small ruminants and if
recombinant strains show altered tissue tropism, pathogenicity or
transmissibility.
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